The obligatory heterodimerization of the GABA B receptor (GBR) raises fundamental questions about molecular mechanisms controlling its signaling efficacy. Here, we show that NEM sensitive fusion (NSF) protein interacts directly with the GBR heterodimer both in rat brain synaptosomes and in CHO cells, forming a ternary complex that can be regulated by agonist stimulation. Inhibition of NSF binding with a peptide derived from GBR2 (TAT-Pep-27) did not affect basal signaling activity but almost completely abolished agonist-promoted GBR desensitization in both CHO cells and hippocampal slices. Taken with the role of PKC in the desensitization process, our observation that TATPep-27 prevented both agonist-promoted recruitment of PKC and receptor phosphorylation suggests that NSF is a priming factor required for GBR desensitization. Given that GBR desensitization does not involve receptor internalization, the NSF/PKC coordinated action revealed herein suggests that NSF can regulate GPCR signalling efficacy independently of its role in membrane trafficking. The functional interaction between three bona fide regulators of neurotransmitter release, such as GBR, NSF and PKC, could shed new light on the modulation of presynaptic GBR action.
Introduction
Ionotropic and metabotropic receptors mediate the action of the inhibitory neurotransmitter g-amino-butyric acid (GABA) in the central nervous system. The metabotropic GABA B receptor (GBR) consists of an obligatory heterodimer between two seven transmembrane domain (7TM) receptors, GBR1 and GBR2 (Jones et al, 1998; Kaupmann et al, 1998; White et al, 1998; Kuner et al, 1999) . In addition to playing a role in ER export (Couve et al, 1998; Margeta-Mitrovic et al, 2000) , GBR1/GBR2 heterodimerization is required for the formation of a functional receptor. Indeed, whereas only GBR1 can bind GABA, GBR2 appears to engage the heterotrimeric G protein for downstream signaling (Galvez et al, 2001; Margeta-Mitrovic et al, 2001; Robbins et al, 2001) . Such transactivation across two distinct 7TM receptors raises fundamental questions about the molecular mechanisms controlling their signaling efficacy.
Among the mechanisms controlling 7TM receptor activity, agonist-promoted desensitization is one of the best characterized at the molecular level. As for most receptors, sustained stimulation of GBR can lead to functional desensitization (Couve et al, 2002; Gonzalez-Maeso et al, 2003; Perroy et al, 2003; Tosetti et al, 2004) . However, b-arrestin recruitment to the receptor and the ensuing endocytosis of the complex that are classically associated to desensitization do not appear to contribute to the regulation of GBR responsiveness (Perroy et al, 2003; Fairfax et al, 2004) . We recently reported that a phosphorylation-independent mechanism involving the G protein receptor kinase 4 (GRK4) can regulate GBR activity in the cerebellum (Perroy et al, 2003) . However, the restricted expression pattern of GRK4, mainly found in testes and cerebellum (Virlon et al, 1998; Sallese et al, 2000) , suggests that other mechanisms may modulate GBR signaling efficacy in other tissues. There is in fact multiple evidences that different mechanisms may be at work since distinct desensitization and phosphorylation profiles were reported for different cellular systems (Couve et al, 2002; GonzalezMaeso et al, 2003; Tosetti et al, 2004) . These discrepancies between different systems are most likely due to the relative expression levels of different protein partners that can influence receptor signaling efficacy. Among other factors, PKC activation has previously been shown to regulate GBR activity (Dutar and Nicoll, 1988; Thompson and Gahwiler, 1992) , even if its direct role in agonist-promoted desensitization has not yet been documented.
In an effort to identify new proteins that could regulate GBR function, we performed a yeast two-hybrid screen using the GBR2 carboxyl tail (c-tail) as bait that revealed the N-ethylmaleimide (NEM) sensitive fusion (NSF) protein as a potential interacting partner. NSF belongs to the 'ATPase Associated to various cellular Activities' (AAA) family and is classically devoted to the regulation of protein complexes supporting membrane fusion and trafficking events (Whiteheart and Matveeva, 2004) . In this context, it promotes the disruption of soluble NSF-associated protein receptor (SNARE) coiled-coil interactions. Such NSF uncoiling activity is of particular interest when considering its interaction with GBR as receptor's c-tails are engaged in a coiled-coil interaction within the GBR1/GBR2 heterodimer (White et al, 1998; Kammerer et al, 1999) .
In addition to the established role of NSF in controlling the assembly/disassembly of SNARE complexes, its direct interaction with cell surface receptors such as the AMPA receptor (Nishimune et al, 1998; Osten et al, 1998) , the b 2 -adrenergic (b 2 AR) receptors (Cong et al, 2001) , the dopaminergic receptors (Heydorn et al, 2004; Zou et al, 2005) , and the adrenomedulin receptor (Bomberger et al, 2005) has been reported. In the three cases where the functional consequences were characterized, NSF binding was proposed to modulate the postendocytic sorting of these receptors (Noel et al, 1999; Cong et al, 2001; Hanley et al, 2002; Lee et al, 2004; Bomberger et al, 2005) . Given that GBR does not undergo rapid agonist-promoted internalization in any of the systems tested (Perroy et al, 2003; Fairfax et al, 2004) , we sought to investigate further the interaction between NSF and GBR and its potential role in regulating receptor function.
Results

NSF interacts directly with GBR subunits
A yeast two-hybrid screen (YTH) was performed with both GBR1 and GBR2 full-length c-tails ( 860 I-
961
K and 741 I-941 L, respectively) against a human brain cDNA library. In addition to complementary GBR subunit (White et al, 2002) and transcription factor ATFx/CREB2 (White et al, 2000) , we found NSF as a potential binding partner of GBR2 (Figure 1 ). Using shorter segments of the c-tail, the interacting region was narrowed down to the distal part of the GBR2 coiled-coil domain and more specifically to a 27 amino-acid peptide encompassing residues 799-825 (Pep27). As previously observed for the interaction between GluR2 and NSF (Nishimune et al, 1998) , the integrity of the full-length ATPase appeared essential for its association with receptor c-tail. Indeed, none of the truncation mutants of NSF tested could bind to the receptor c-tail (data not shown).
To further characterize the interaction between NSF and GBR2 c-tail (GBR2ct), we carried out in vitro binding assays using the receptor c-tail fused to a glutathione-S-transferase (GST) protein and purified His 6 -tagged NSF. GST pull-down performed with increasing amount of NSF in the presence of non-hydrolysable ATPgS (to inhibit ATPase activity) demonstrated a direct binding of NSF to GBR2ct (Figure 2A ). This binding tends to saturate at B50 nM and reach half-saturation at 15 nM ( Figure 2A , right panel), indicating a relatively high affinity of NSF for the receptor. The nucleotide dependence of NSF interaction was then determined ( Figure 2B ) by evaluating the impact of ATP and ATPgS under different salt conditions. Conditions favoring NSF ATPase activity (ATP and Mg 2 þ ) disrupted the association, whereas its inhibition (ATPgS þ Mg 2 þ , ATPþ EDTA or ATP þ Mg 2 þ þ EDTA) favored the interaction with GBR2ct ( Figure 2B ). Such influence of the nucleotide state of NSF is reminiscent of other relevant interactions involving NSF (Sollner et al, 1993; Osten et al, 1998; Hanley et al, 2002) . Consistent with YTH data presented above, the Pep27 region of the coiled-coil domain of GBR2 was sufficient to sustain NSF binding as shown by the efficient pull-down of NSF by a GST-Pep27 fusion protein ( Figure 2C ). Interestingly, Pep27 was as efficient as a previously described 10 amino-acid peptide corresponding to the GluR2 NSF binding site (Pep2m) (Nishimune et al, 1998; Osten et al, 1998; Song et al, 1998) . In contrast to the results obtained in YTH experiments, NSF binding was not found to be restricted to GBR2ct and GBR1ct ( 854 I-961K) also interacted selectively with NSF ( Figure 2D ).
Such partial discrepancy between YTH and GST pulldown experiments is not unusual. Nevertheless, to clarify whether the GBR1 could truly interact with NSF and to confirm that interaction between GBR2 and NSF can occur in living cells, immunoprecipitations were performed in CHO cells. Immunoprecipitation of GBR1 or GBR2 from cell expressing each of the receptor individually led to the co-sedimentation of NSF ( Figure 3A and B). In the reverse configuration, NSF isolation revealed that it binds to two molecular species of GBR2 ( Figure 3B , right panel), corresponding to ER-localized core-glycosylated precursor (B100 kDa) and fully processed (B120 kDa) forms of the receptor (Supplementary data and Supplementary Figure  S1 ). These results suggest that NSF binds to distinct GBR2 species along the maturation path from the ER to the plasma membrane. In the case of GBR1, which cannot reach the cell surface and is retained in the ER when expressed alone (Couve et al, 1998) , co-immunoprecipitation with NSF implies that interaction between these two molecules occurs in the ER. Taken together, these data may indicate that NSF could be involved in GBR transport to the cell surface, as has been previously suggested for other membrane proteins (Noel et al, 1999; Cong et al, 2001; Shi et al, 2001; Hanley et al, 2002) .
In agreement with the influence of NSF nucleotide binding state in GST-pull-down experiments, the functionality of its Figure 1 Interaction between NSF and GBR c-termini assessed in yeast two-hybrid system. GBR c-termini (see schematic representation) were used as bait in a yeast two-hybrid screen testing a human brain cDNA library. NSF was one of the positive clones obtained with the GBR2 c-terminus. To delineate the GBR2 minimal region of interaction with NSF, two-hybrid assay was performed between the indicated GBR2 c-tail mutants (see table) and NSF. b-Gal activity is determined ( þ /À) for each construct.
ATPase was found to be essential for its interaction with both GBR1 and GBR2 as a treatment with the alkylating agent, N-ethylmaleimide, inhibited its co-immunoprecipitation with these receptors (data not shown).
The active form of GBR associates with NSF
To determine if, in addition to its ability to interact with each receptor subtype individually, NSF can also bind to the functional GBR1/GBR2 heterodimer, we compared the amount of NSF co-immunoprecipitated with GBR1 between cells expressing and cells not expressing GBR2. Equivalent amount of NSF were recovered in both conditions ( Figure 3C , lanes 5 and 6), suggesting that GBR1/GBR2 heterodimerization does not interfere with the NSF/GBR1 interaction. To confirm the existence of an NSF/GBR1/GBR2 ternary complex, we took advantage of the fact that GBR1 can be trafficked to the cell surface only in association with GBR2 (White et al, 1998) . Hence, co-sedimentation of NSF following cell surface immunoprecipitation of GBR1 would indicate that at least part of the GBR interacting with NSF correspond to the GBR1/GBR2 heterodimer. As shown in Figure 3C (lanes 7 and 8), both NSF and GBR2 were co-precipitated with cell surface GBR1, suggesting the binding of the active GBR population to NSF. The occurrence of such an interaction between the functional heterodimer and NSF was also confirmed in vivo. Indeed, mass spectrometry analysis of the protein complex that co-sedimented with GBR1 following its immunoprecipitation from rat brain synaptosomes revealed the presence of NSF (Supplementary data and Supplementary Table 1) .
To confirm the specificity of interaction between NSF and GBR, we assessed the ability of the Pep27 peptide to inhibit the association of NSF to GBR2 in cells co-expressing GBR1 and GBR2. For this purpose, we inserted an HIV TAT sequence (that allows the diffusion of the hybrid protein through the plasma membrane (Becker-Hapak et al, 2001)) attached to an HA epitope within the GST-Pep27 protein in order to generate a GST-TAT-HA-Pep27 (TAT-Pep27) fusion protein. The ability of this peptide to penetrate plasma membrane was confirmed by immunofluorescence using an anti-HA antibody (data not shown). As expected for a specific interaction, treatment performed with the TAT-Pep27 abolished NSF/receptor association ( Figure 3D ), whereas a treatment with a random sequence peptide (TAT-RSP) had no effect. Interestingly, TAT-Pep2m also impaired NSF co-precipitation with the receptor, indicating that GluR2-and GBR2-derived peptides share a unique binding site on NSF.
Classically, NSF is described as a cytoplasmic protein (Morgan and Burgoyne, 2004) . To further document a possible interaction between GBR and NSF at cellular surface, their co-localization was assessed using confocal immunofluorescence microscopy. For this purpose, cells expressing GBR1 and GBR2 ( Figure 4A ) were first labeled using antibodies directed against the N-terminal epitopes displayed by each of the receptor (myc for GBR1 (panel a) and HA for GBR2 (panel b)). Following extensive washing, cells were then permeabilized and NSF labeled with a specific antibody (panel c). As can be seen in the overlay panels e and f, both GBR1 and GBR2 (that were as well co-localizing; panel d, signal in turquoise) are detected in close apposition with NSF at the plasma membrane, as illustrated by co-localization signals in magenta (panel e) and yellow (panel f), respectively. Similar results were obtained using green fluorescent protein-tagged-NSF (avoiding the need for permeabilization), indicating that the co-localization between NSF and both receptors did not result from a permeabilization artifact (data not shown). Moreover, this co-localization did not result from a massive redistribution of NSF upon expression of the GBR as the extent of co-localization between NSF and GFP-GRK5, a protein constitutively associated to the plasma membrane (Thiyagarajan et al, 2004) , was not noticeably affected by GBR expression (Supplementary Figure S2) . This indicates that NSF/GBR interaction may occur in specialized membrane domains.
To confirm that co-localization of GBR and NSF can occur in native tissue, we examined the subcellular localization of GBR2 and NSF in primary cultures of rat cortical neurons. Co-localized immunoreactivity for GBR2 and NSF was observed in both neuronal cell bodies ( Figure 4B (a-f) ) and dendritic extensions ( Figure 4B (a-i) , where they display a punctuated labeling pattern (white arrows). This is reminiscent of the co-localization between NSF and GluR2 AMPA receptor previously observed at the synaptic junctions of hippocampal neurons (Song et al, 1998) .
GBR activation destabilize the NSF/heterodimer complex As NSF was found to bind to the heterodimer, we wondered if GBR activation could modulate this association. As shown in Figure 5A , stimulation with GABA promoted the disruption of the ternary complex, as indicated by the timedependent decrease in the amount of NSF co-immunoprecipitated with GBR1. This effect was mimicked by baclofen, a selective GBR agonist ( Figure 5B ). Pharmacological selectivity of GABA action is further supported by the observation that the level of co-immunoprecipitated NSF with GBR2 expressed alone (the subunit that does not bind agonists) was insensitive to agonist pre-incubation ( Figure 5C ). In contrast, agonist effect was recovered when GBR2 was expressed with GBR1 (the subunit harboring the GABA/ baclofen binding site) ( Figure 5C ). Interestingly, similar results were obtained if GBR2 was co-expressed with GBR1a or GBR1b, two common splice variants of GBR1. In addition to confirming that NSF binds the GBR1/GBR2 heterodimer at cellular surface (where GABA acts), these results laid the foundation to explore the potential functional implications of this interaction.
Preventing NSF binding preserves the GBR/G protein coupling following chronic stimulation
The observation that NSF is released from GBR complex following stimulation leads us to test whether NSF could be implicated in the regulation of the GABA-mediated G protein activation of the receptor. Given the ability of native GBR to interact with NSF in rat brain, quantification of the receptorpromoted GDP/GTP exchange was assessed by GTPg[ 35 S] binding assays in both CHO cells and hippocampal slices (a tissue known to endogenously express functional GBR (Lopez-Bendito et al, 2004) ). Treatment of hippocampal slices with TAT-Pep27 (to impair the GBR/NSF interaction) or the corresponding TAT-RSP control protein did not alter the ability of the receptor to promote GTPgS 35 binding. Indeed, the peptides were without effect on either baclofen maximal efficacy or EC 50 to stimulate GTPgS 35 binding (Table I ). Previous studies demonstrated that GBR G protein coupling activity wanes over time, following sustained agonist stimulation in CHO cells, cerebellar granule, or rat hippocampal cells (Couve et al, 2002; Gonzalez-Maeso et al, 2003; Perroy et al, 2003; Tosetti et al, 2004) . Consistent with these findings, we observed that a 30-min prestimulation with baclofen led to a 3672% reduction of the maximal baclofen-stimulated GTPgS binding ( Figure 6A and B) in hippocampal slices. Treatment with TAT-Pep27 completely blocked this baclofen-promoted desensitization (À379%), whereas TAT-RSP was without effect (4575%; Figure 6A and B). These results, which indicate a role of NSF in the agonist-promoted desensitization of GBR in hippocampus, were recapitulated in CHO cells ( Figure 6C ) where the 3978% desensitization promoted by a 30 min pretreatment with GABA was also blocked by TAT-Pep27 (874%). As NSF was previously implicated in the membrane sorting of GluR2 and b2AR (Cong et al, 2001; Shi et al, 2001; Hanley et al, 2002) , we assessed whether receptor prestimulation with GABA affected cell surface expression of GBR1 or GBR2 in these cells. As recently reported in hippocampal neurons (Fairfax et al, 2004) , ELISA analysis revealed that the cell surface receptor density was stable in the presence of its ligand (Supplementary Figure S2) . NSF, however, has previously been shown to modulate both forward trafficking and endocytosis of membrane proteins (Cong et al, 2001; Shi et al, 2001; Hanley et al, 2002; Lee et al, 2004) . Therefore, as NSF was found to interact with GBR immature species, one cannot formally exclude the possibility that NSF affects both endocytosis and insertion of de novo synthesized receptors such that the steady-state concentration of GBR at the cell surface remained unaffected. This is however unlikely given the lack of surface labeled GBR internalization following a 30 min agonist stimulation in CHO cells (data not shown); a behavior also observed in HEK293 cells (Perroy et al, 2003) , COS cells, and hippocampal neurons (Fairfax et al, 2004) . It follows that, in the absence of agonistpromoted internalization, insertion of de novo synthesized receptors should lead to an increase in the steady-state receptor level detected by ELISA. As this was not the case, the above results suggest that the role that NSF could play in GBR forward trafficking does probably not impact on the short-term events contributing to rapid desensitization.
The agonist-promoted desensitization of GBR is a PKC-dependent mechanism
Given the proposed role of PKC in the regulation of GBR signaling efficacy in rat hippocampus (Dutar and Nicoll, 1988; Thompson and Gahwiler, 1992; Tosetti et al, 2004) , we investigated the contribution of this kinase in the NSFmediated desensitization of the receptor in CHO cells. First, we studied the ability of GABA to promote PKC plasma membrane translocation in cells expressing a GFP-tagged PKCa (GFP-PKC) construct. In agreement with what was previously observed in hippocampal neurons (Tremblay et al, 1995) , treatment with GABA induced membrane recruitment of GFP-PKC ( Figure 7A ), reaching its maximum at 5 min. This translocation was comparable to the one promoted by phorbol 12-myristate 13-acetate (PMA), a molecule directly activating PKC (Blumberg, 1991) . Inhibiting PKC activation with GFX completely blocked the GABA-promoted attenuation of baclofen-stimulated GTPgS binding ( Figure 7B , right panel), suggesting a role for this protein in the desensitization process. Consistent with such a role, direct PKC activation with PMA reduced the maximal baclofen response by 4873%, thus mimicking the desensitizing effects of GABA (4073%; Figure 7B ). Also, consistent with a role for PKC is the observation that the GABA-promoted phosphorylation of GBR1 (15479%; Figure 7C ) and GBR2 (data not shown) was blocked by GFX whereas PMA strongly stimulated it (278719%). Interestingly, PKC recruitment occurred concomitantly with the release of NSF from the receptor (50% of NSF being released from GBR following 5 min of stimulation, a time at which the recruitment of PKC is maximal; Figure 5 ), thus suggesting that these two events act in a coordinated manner to promote agonist-mediated desensitization of GBR.
NSF primes GBR for its PKC-dependent desensitization
To further explore the PKC/NSF link in the agonist-promoted desensitization process, we assessed the influence of the NSF/GBR interaction blocking peptide, TAT-Pep27, on the GABA-promoted recruitment of PKC and the ensuing phosphorylation of GBR. As observed in Figure 8A , pretreatment with TAT-Pep27 completely abolished the GABA-induced recruitment of GFP-PKC to the plasma membrane. Consistent with these results, TAT-Pep27 also prevented the agonistdependent increase in GBR phosphorylation ( Figure 8B ). Overall, these results indicate that NSF/GBR interaction is Rat hippocampal slices were treated for 1 h with the indicated TAT-peptide and baclofen-stimulated [ 35 S]GTPgS binding was measured in membranes derived from these slices expressing native GBR. The results were expressed in percentage of the vehicle condition for basal and maximal GTPgS binding. EC 50 was derived from dose-response curves. These results are the mean7s.e.m. of three independent experiments performed in triplicate.
critical to the PKC-mediated processes involved in the blunting of the receptor signaling efficacy.
PKC induces the dissociation of NSF from the activated GBR As we previously observed that NSF dissociates from the receptor following agonist stimulation, we assessed the role of PKC in this process. As shown in Figure 9 , GFX strongly inhibited the disruption of the NSF/receptor complex that follows the activation of the receptor. These results indicate that the GABA-stimulated dissociation of NSF from the receptor involves PKC activation. Consistently, PMA treatment was sufficient to promote NSF release (Figure 9 ).
Discussion
In the present study, we showed that NSF/GBR interaction regulates the signaling efficacy of this heterodimeric receptor via a PKC-dependent mechanism.
NSF was found to interact directly with both GBR1 and GBR2 in a noncompetitive manner as its binding to a given subunit was not inhibited by the co-expression of the other. This contrasts with other proteins such as 14-3-3 ), CREB2 (White et al, 2000) and Marlin-1 (Couve et al,  2004 ), which were found to interact only with GBR1 and to compete for the GBR1/GBR2 interaction. This association of NSF with the functional heterodimeric population of the receptor is illustrated by the regulation of its binding upon GBR stimulation. As previously reported for the NSF/AMPA receptor interaction (Hanley et al, 2002) , a peptide corresponding to the interacting domain of GluR2 with NSF was sufficient to block the interaction. Interestingly, peptides derived from both GluR2 (Pep2 m) and GBR2 (Pep27) subunits inhibited the association of NSF to GBR. This indicates that these peptides share a unique binding site on NSF, which may represent a common interaction domain for GBR and GluR2 subunits.
Also reminiscent of GluR2/NSF interaction, the nucleotide binding status of NSF was found to regulate its interaction with GBR subunits. This is important when considering that classical functions of NSF are dictated by its nucleotide binding state and its ATPase activity. For instance, NSFpromoted SNARE complex uncoiling involved in membrane fusion events requires ATP hydrolysis that leads to NSF dissociation (Sollner et al, 1993) . Interestingly, GBR stimulation led to a reduction of NSF co-immunoprecipitation, indicative of an agonist-promoted dissociation of the enzyme. As NSF interacts within the coiled-coil region of GBR2, it is tempting to draw a parallel with the typical uncoiling action of NSF and propose that this protein regulates GBR c-tail association. However, an uncoiling of the GBR c-tails alone would not be sufficient to explain the NSF-mediated agonistpromoted desensitization. Indeed, it was previously shown that the entire deletion of the GBR coiled-coil domain does not affect the receptor activity (Margeta-Mitrovic et al, 2001; Grunewald et al, 2002) . Thus, an additional factor needs to be invoked to explain how NSF contributes to the desensitization of GBR. Overall, our data suggest that this additional factor could be PKC. Consistent with this hypothesis, inhibition of the NSF/GBR interaction by TAT-Pep27 blocked both PKC recruitment and GBR phosphorylation, as well as the agonist-promoted desensitization. Taken with the observation that PMA-mediated activation of PKC promoted both GBR phosphorylation and its functional uncoupling and that inhibiting PKC with GFX prevented desensitization, these data clearly support the existence of a coordinated role of NSF and PKC in the regulation of GBR activity. As PKC-dependent phosphorylation of NSF has been shown to regulate its activity (Matveeva et al, 2001 ), a role of NSF phosphorylation in the regulation of GBR cannot be excluded. This is, however, unlikely as no change in the NSF phosphorylation state was observed following GBR stimulation or PMA treatment (data not shown).
The coordinated action of NSF and PKC in the regulation of GBR activity is further supported by the observation that the agonist-promoted release of NSF from the receptor requires PKC activation and that PMA treatment is sufficient to induce this event. The pre-association of NSF with GBR could hence be seen, as a priming event required for the engagement of PKC that in turn would promote receptor desensitization and terminate the regulatory cycle by favoring NSF release.
A functional interaction between PKC and NSF also emerged from several studies on the regulation of ionotropic GluR2-containing AMPA receptor. In this case, however, NSF was shown to stabilize the receptor at synaptic membrane and prevent its removal by a combined action of PKC and the protein interacting with C kinase (PICK-1) (Perez et al, 2001; Hanley et al, 2002) , thus preventing the occurrence of longterm depression. In this scenario, NSF has been proposed to modulate the lateral diffusion of GluR2 in the plasma membrane (Steinberg et al, 2004) . Given that GBR activation does not promote endocytosis and does not affect steady-state receptor density at cellular surface, the role of NSF in GBR desensitization does not appear to involve removal or insertion of receptor from the plasma membrane. Therefore, the hypothesized role of NSF in membrane protein lateral diffusion may be a more appealing mechanism to explain the regulatory influence of NSF on GBR function, especially when considering the presence of GBR in raft microdomains and its potential role in the control of receptor signaling activity (Becher et al, 2004) .
Taken together, our results demonstrate the existence of a concerted regulation of GBR signaling efficacy involving both NSF and PKC. Based on our observations, we propose a model whereby the preassociation of NSF with the receptor is a prerequisite for the occurrence of the PKC-promoted desensitization (Figure 10 ). In the absence of GBR/NSF interaction (e.g. in the presence of TAT-Pep27), GBR stimulation fails to promote PKC recruitment and phosphorylation of the receptor that becomes refractory to desensitization ( Figure 10A ). In contrast, preassociation of NSF primes the receptor such that agonist stimulation results in the recruitment of PKC and the ensuing phosphorylation of GBR leading to agonist-promoted desensitization ( Figure 10B ). In addition to promote desensitization, PKC also terminates the regulatory process by favoring NSF dissociation from the heterodimer ( Figure 10C) . Although the precise mechanism by which NSF/GBR association primes the desensitization process cannot be firmly established, two nonmutually exclusive mechanisms can be imagined: (1) through its uncoiling activity, NSF could unmask phosphorylation sites that are implicated in desensitization; (2) the presence of NSF could favor the engagement of a signaling pathway required for PKC activation. Also remaining to be established is whether NSF dissociation occurs before or after the completion of the PKC-dependent desensitization and/or contributes to the regulation of signaling efficacy. The role of NSF and PKC in the desensitization of GBR should also be placed in the context of other mechanisms that have been shown to contribute to this process. For instance, a phosphorylation-independent contribution of GRK4 (Perroy et al, 2003) as well as a negative influence of PKA-mediated phosphorylation of GBR (Couve et al, 2002) on its desensitization have been reported. The relative contribution of these various mechanisms most likely depends on the relative expression levels of the different regulatory proteins. Noticeably, no GRK4 expression could be detected in CHO cells, suggesting that the NSF/PKC may represent the dominant mechanism in these cells. This process also appear to be relevant for GBR desensitization in at least some native tissues as the NSF blocking peptide TAT-Pep27 abolished agonist-promoted desensitization in hippocampal slices. Interestingly, the GBR desensitization previously observed in rat hippocampal slices was shown to concern pre-synaptic GBR that regulates neurotransmitter release (Tosetti et al, 2004) . Taken with the role of both NSF and PKC in the regulation of synaptic exocytosis (Lin and Scheller, 2000; Barclay et al, 2003) , our demonstration of their implication in GBR desensitization raises the intriguing possibility of the existence of an integrated process controlling the GBRmediated inhibition of neurotransmitter release.
Materials and methods
A detailed description of the different materials and plasmids used in this manuscript may be found in Supplementary data.
YTH
This protocol has already been described (White et al, 2000) , but a detailed description can be found in Supplementary data.
In vitro protein interaction assay
Protocols to purify the different proteins and describing the assay are detailed in the Supplementary methods appended to this manuscript.
Cell culture and rat hippocampal slice preparation The protocols are described in detail in the Supplementary data section.
Cell treatments
Treatments were performed at 371C on CHO cells or at RT for hippocampal slices. Prestimulations of cells with 1 mM GABA or 0.1 mM baclofen were performed for 30 min when not specified or for the indicated time. To demonstrate the role of PKC, cells were incubated with vehicle or 0.5 mM GFX for 30 min before the prestimulation with GABA or with 1 mM PMA for 10 min. To inhibit NSF/GBR interaction, cells were incubated with TAT-Pep27 400 nM or TAT-Pep2 m or RSP 800 nM, for 1 h before any treatment.
Immunoprecipitation
The protocol is described in detail in the Supplementary data section.
Whole phosphorylation assay
This was performed previously described (Perroy et al, 2003) , but see details in Supplementary methods.
[ 35 S]GTPcS binding assay
This protocol has been performed as previously described (Perroy et al, 2003) and details can be found in Supplementary materials.
Immunofluorescence
The protocol is described in detailed in the Supplementary data section.
Mathematical and statistical analysis
For GTPgS binding, dose-response curve experiments were analyzed by nonlinear regression using Prism program (GraphPad software, San Diego, CA) ( Figure 6A ). For other GTPgS binding studies, basal GTPgS binding obtained without stimulation was subtracted to the maximal GTPgS binding obtained in the presence of 0.1 mM baclofen. Every condition was expressed in the percentage of the corresponding control condition. The statistical significance of results obtained in GTPgS binding, co-immunoprecipitation, or PKC recruitment experiments was determined using a one-way ANOVA analysis followed by a Bonferroni's multiple comparison test. Statistical significances between the control condition and the condition of interest are represented as follows: * when Po0.05, ** when Po0.01 and *** when Po0.001.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
